Abstract Perineuronal matrix is an extracellular protein scaffold to shape neuronal responsiveness and survival. Whilst perineuronal nets engulf the somatodendritic axis of neurons, axonal coats are focal extracellular protein aggregates surrounding individual synapses. Here, we addressed the chemical identity and subcellular localization of both perineuronal and perisynaptic matrices in the human hippocampus, whose neuronal circuitry is progressively compromised in Alzheimer's disease. We hypothesized that (1) the cellular expression sites of chondroitin sulphate proteoglycan-containing extracellular matrix associate with specific neuronal identities, reflecting network dynamics, and (2) the regional distribution and molecular composition of axonal coats must withstand Alzheimer's disease-related modifications to protect functional synapses. We show by epitope-specific antibodies that the perineuronal protomap of the human hippocampus is distinct from other mammals since pyramidal cells but not calretinin ? and calbindin ? interneurons, neurochemically classified as novel neuronal subtypes, lack perineuronal nets. We find that cartilage link protein-1 and brevican-containing matrices form isolated perisynaptic coats, engulfing both inhibitory and excitatory D. Lendvai and M. Morawski contributed equally to the present study.
Introduction
Neurons and glia are embedded in a highly organized extracellular matrix [21] whose chemical heterogeneity underpins many cellular processes, including axonal growth responses during neural development [32] , the tuning of neuronal excitability [2, 64] , and refining signalling at cell surface receptors [21, 27] . The intercellular matrix of the brain and spinal cord attracts clinically oriented research due to its putative effects on neuronal survival upon acute injury or chronic neurodegeneration [20, 23] , and by promoting regeneration [24] . Extracellular matrix molecules fulfil their diverse roles by providing individual scaffolds for neurons. Although this intercellular meshwork is largely amorphous, its condensed domains can surround the perisomatic compartment of certain subsets of neurons (''perineuronal nets'') [8, 31] or individual synapses (''axonal coats'') [11, 44, 53, 54] .
Perineuronal nets are present in most vertebrates [8, 43, 46, 51, 59] , including humans [1, 10, 11, 53, 54] . Their presence and distribution exhibit considerable regional variations, likely reflecting functional diversity of adult neuronal circuits [10, 30, 48, 55, 71] . As such, perineuronal nets can modulate the ionic milieu to maintain high-discharge activity in c-aminobutyric acid-containing (GABAergic) interneurons [8, 30] , protect neurons from stress [55, 71] and govern synaptic remodelling [4, 36, 64] .
Modifications to the expression foci, composition and localization of perineuronal nets have been implicated in neuronal dysfunction in Alzheimer's disease (AD), particularly by disrupting the pattern and timing of neuronal excitability [20, 23] . Experimental data [68] , including genetic manipulations in mice [25, 39, 41, 42, 56, 58, 61] , revealed cell type-specific requirements of extracellular matrix expression to promote neuronal survival. Postmortem analysis of human neo- [10, 54, 55] or subcortical areas [53] revealed complementary distributions of histopathological AD hallmarks and chondroitin sulphate proteoglycans (CSPGs), suggesting the resistance of matrix-enwrapped neurons to AD-related pathologies. However, despite some biochemical data [62, 63] , significant caveats exist in our knowledge regarding the extracellular matrix's cell type specificity, structural complexity and molecular heterogeneity in the human hippocampus, the region most susceptible to neurodegeneration [60] . Particularly, it remains elusive whether perineuronal matrix surrounds spatially segregated synapse populations whose resistance to AD-related hippocampal pathology could rescue synaptic neurotransmission.
Here, we mapped perineuronal nets and axonal coats in the human hippocampal formation by combining light microscopy and ultrastructural analyses. CSPGs are particularly critical in the neural extracellular matrix since they form the molecular bridges between the cell surface and hyaluronan scaffolds [73] . Aggrecan and brevican are the main CSPG components, the former being an indispensable component of perineuronal nets [46, 73] . We show that the dentate gyrus (DG), Ammon's horn subfields (CA1-CA4), subiculum and entorhinal cortex contain perineuronal nets and axonal coats with remarkable variations in their distribution patterns and neurochemical characteristics. Unexpectedly, perineuronal nets engulfed not only parvalbumin ? but also calretinin ? and calbindin
?
interneurons, highlighting key phylogenetic differences in the subclass diversity of hippocampal interneurons in comparison to other mammalian species [22] . Axonal coats selectively concentrated in the DG hilar region and entorhinal cortex, relied on the axonal transport of their components in presynaptic neurons, and surrounded a spatially defined yet neurochemically mixed synapse population. Through biochemical and morphological analyses of an AD patient cohort and transgenic model of amyloid-b (Ab) overexpression we show increased neuronal CSPGbased extracellular matrix expression in AD. The maintenance of axonal coats around vesicular neurotransmitter transporter-containing presynapses even if the subsynaptic dendrite contained hyperphosphorylated tau suggests that axonal coats can provide a molecular scaffold to maintain synapse integrity in the diseased hippocampus.
Materials and methods

Tissues
Hippocampal tissues from severe and moderate AD patients and age-matched controls (n = 23 cases in total, both sexes, Table S1 ) [57] , as well as from APPswe/ PS1dE9 (APdE9) transgenic mice and littermate controls (n = 30 animals in total) were assigned to this study. Experimental protocols on human and mouse specimens were approved by local authorities and are available as Supplementary information (SI) online.
Immunohistochemistry and imaging
Chromogenic or multiple immunofluorescence histochemistry with select combinations of primary antibodies (Table  S2) were according to published protocols [44, 57] . Sudan Black B counterstaining was used to quench tissue autofluorescence [65] (SI Materials and Methods). Results of chromogenic histochemistry were captured on either a Zeiss Axiovert 200 M microscope with a motorised stage (Märzhäuser, Germany), and using a CCD camera (Zeiss MRC) and MosaiX software connected to an Axiovision 4.6 image analysis system (Zeiss, Germany) or a Nikon Eclipse microscope. Sections processed for multiple immunofluorescence histochemistry were inspected and images acquired on a 710LSM confocal laser-scanning microscope (Zeiss). Procedural details of imaging are referred to in SI Materials and Methods.
Electron microscopy
Sections processed for aggrecan (HAG7D4 epitope), CRTL-1 or brevican immunohistochemistry (chromogenic detection) were post-fixed in buffered 1 % OsO 4 at 22-24°C for 1 h, and flat-embedded in Durcupan ACM (Fluka). The DG and CA regions were selected and embedded for ultrasectioning. Ultrathin sections (100 nm) were collected on single slot nickel grids coated with Formvar Ò and studied by using a Jeol 1200 EMX microscope (Tokyo, Japan). Primary magnifications ranged from 12,0009 to 80,0009.
Western blotting
Protein samples prepared from human or mouse hippocampi were analysed under denaturing conditions. Western blot analysis was undertaken as described [57] with primary antibodies listed in Table S2 . Blots were scanned using a Bio-Rad XRS ? imaging platform and quantified with Image Lab 3.01 (Bio-Rad Laboratories). CSPG concentrations were normalized to b-actin (1:10,000; Sigma) used as loading control throughout.
Statistical analysis
Data were analysed using Statistical Package for the Social Sciences (version 17.0, SPSS Inc.). Integrated optical densities of the immunoreactive targets in Western blotting experiments were evaluated using Student's t-test (on independent samples). Data were expressed as mean ± SEM. A p value of\0.05 was considered statistically significant.
Results
General considerations
We performed high-resolution and correlated bright-field, confocal laser-scanning and electron microscopy to reveal the chemical heterogeneity and compartmentalization of the CSPG-based extracellular matrix in the human hippocampal formation and entorhinal cortex by antibodies directed against non-overlapping molecular domains of aggrecan, brevican and CRTL-1 (Figs. 1a, b-b 2 , 2a-a 2 , 3a-a 2 , 4a-a 2 , S2a). Key inferences of our analysis include phylogenetic differences in the laminar distribution, subcellular recruitment [perineuronal nets, dendritic sheaths ( Fig. 1c-e 3 ) and axonal coats], and the molecular identity of neuronal subtypes expressing CSPG-based perineuronal matrix. However, Wisteria floribunda agglutinin (WFA; Fig. 1f 3 ) , which is rapidly degraded during post-mortem delay [54] (and SI Materials and Methods), only sparsely identified hippocampal neurons with case-to-case variability in its distribution. This notion led us to test whether aggrecan ? matrix assemblies were under-sampled or their phenotypes had changed due to epitope masking in our post-mortem tissues (Fig. 1f-f 3 0 ). By performing chondroitinase digestion of chondroitin sulphate side-chains (Fig. 1a) , and using perfusion-fixed mouse tissues as positive controls (Fig. 1g, g 0 ), we confirmed that neither the distribution pattern nor the intensity/phenotype of aggrecan-containing perineuronal nets (as per antibody recognition, sensitivity and detectability) were affected in the post-mortem human hippocampus.
Aggrecan in the human hippocampal formation
Aggrecan is an indispensable component of the brain's extracellular matrix (Fig. 1a) , particularly perineuronal nets [15, 28, 46] . Although the analysis of aggrecan functions in the adult brain is curtailed by the failure of aggrecan knock-out mice to survive into adulthood [69] , this protein is critical for the initial [69] activity-dependent assembly of perineuronal nets [50] , and is retained throughout life as a major matrix component [73] . By using antibodies directed against aggrecan's chondroitin sulphate chain-enriched (AB1031 and Cat-301) or N-terminal (HAG7D4) domains (Fig. 1a) , we have studied the distribution and compartmentalization of this CSPG component in the human hippocampal formation, including the entorhinal cortex.
We detected perineuronal nets in all hippocampal subfields in a region-and layer-specific manner ( Fig. 2a-a 2 ,  Fig. S2a ). The distribution of AB1031-positive( ? ), Cat-301
? or HAG7D4 ? perineuronal nets was overlapping, failed to label pyramidal cells (Fig. 2a 2 ), yet differed in their intensity to label the hippocampal neuropil (Fig. 2a,  a 1 , Fig. S2a ). Perineuronal nets were most frequently seen in the CA1 region ( Fig. 2a-f) , particularly in stratum oriens surrounding multipolar non-pyramidal neurons ( Fig. 2a-a 2 , b, d, f). Whilst the pyramidal layer was largely devoid of aggrecan ? somata, many perineuronal nets of multi-or bipolar phenotypes were identified in strata radiatum and lacunosum-moleculare (Fig. 2c, e, Fig. S1-3) . The entorhinal cortex could typically be demarcated via the intense labelling of its principal strata ( Fig. 2a-a 2 , Fig. S2a ) [6] . We refer to the Supplementary information ( Fig. S1-3 ) for detailed description of the distribution and morphology of aggrecan ? perineuronal matrix. Perineuronal nets were of different phenotypes, including sharply contoured ''classical'' or ''diffuse'' subtypes [70] . This diversity was best reflected by the appearance of AB1031
? perineuronal nets throughout the human hippocampus (Fig. 2b, 
c). AB1031
? , Cat-301 ? or HAG7D4
? matrix assemblies formed dendritic sheaths that extended for[50 lm over second to third order dendrites ( Fig. 2b-f ).
Putative axon initial segments were identified as thin structures emanating from the soma or the most proximal part of a first order dendrite (Fig. 2b , b 1 ) [13] . At the ultrastructural level, aggrecan typically enwrapped postsynaptic compartments on dendrites and dendritic spines ( Fig. 2g-i ). This aggrecan-containing matrix assembly was often seen over axon terminals and presynaptic axons, encapsulating the entire synapse ( Fig. 2g-i ).
CRTL-1 is recruited to axonal coats at excitatory and inhibitory synapses
The core assembly of brain extracellular matrix is established by ''link'' proteins, which connect CSPGs to hyaluronan (Fig. 1a ) [52, 73] . The CRTL-1 protein is an [70] . f-f 3 0 In human post-mortem hippocampus, chondroitinase digestion did not alter appearance of aggrecan ? perineuronal nets but completely abolished occasional WFA lectin labelling (
The lack of WFA labelling confirmed the efficacy of chondroitinase treatment in simultaneously processed sections from mouse brain. CS chondroitin sulphate chains, G1/G2 N-terminal globular domains, G3 C-terminal globular domain, IGD interglobular domain, KS keratin sulphate chains, L CRTL-1. Scale bars 100 lm (g, g 0 ), 10 lm (c 3 ,
indispensable component of perineuronal nets, its production being the major event to limit synaptic plasticity via organizing CSPGs into perineuronal nets [14, 15] . Animals lacking CRTL-1 have disrupted perineuronal nets and persistent synaptic plasticity [14] . CRTL-1 ? perineuronal nets and axonal coats exhibited layer-and region-specific distribution in the profusely stained neuropil (Fig. 3a-a 3 ). Compared to our aggrecan ''maps'' (Fig. S4 ), CRTL-1
? perineuronal nets in the CA1 subfield were less densely packed, and restricted to strata oriens and radiatum. These were of the sharply contoured ''conventional'' type of perineuronal nets with extensive peridendritic sheaths (Fig. 3b, b 1 ). In the CA2 subfield (Fig. 3a, a 1 ) , perineuronal nets were seen in the strata oriens and radiatum (Fig. 3e) . Notably, distinct neuropil labelling in the CA2 subfield formed a ''barrier'' separating the CA1 and CA3 regions (Fig. 3a) . This finding is supported by earlier data from rodents, reporting dense extracellular matrix proteoglycan and lectin reactivity of the neuropil in the corresponding subfield [9, 12] . In contrast to our anti-aggrecan immunostainings, perineuronal nets were frequently encountered in all layers of the CA3 region with the putative axon initial segment occasionally visible (Fig. 3c) . Alternatively, the perineuronal matrix assembly was restricted to the somata as faint CRTL-1 ? perisomatic rims (Fig. 3d) . In subicular regions and the entorhinal cortex, perineuronal nets surrounded multipolar neurons (Fig. 3a 3 ) . The entorhinal cortex was decorated by prominently labelled islands in the external principal stratum [6] (Fig. 3f) .
The dentate hilus contained many perineuronal nets (Fig. 3a) . However, we have encountered a large number ? perineuronal nets were typically of granular appearance and surrounded first, second or higher order dendrites. f HAG7D4
? perineuronal matrices in the CA1 stratum oriens (ori). g, h Ultrastructural analysis showed that HAG7D4
? aggrecan matrix surrounded axons (arrowheads), but most particularly dendritic profiles (open arrowheads) in CA1. i Axospiny synapse embedded in HAG7D4
? extracellular matrix (arrowheads). For detailed description of region-and layer-specific distribution and phenotypes of aggrecan ? perineuronal nets see of densely packed structures of 1-3 lm in diameter, axonal coats [11] , at the hilar border of the granular layer (Fig. 3g,  g 1 ). Axonal coats were identified in a similarly high density in the entorhinal cortex; significantly exceeding those in the CA regions (p \ 0.05; Fig. 3g 1 ) . Ultrastructural analysis showed that, in addition to the presence of CRTL-1 in myelinated axons (Fig. 3h, i) , extracellular CRTL-1 ? matrix is restricted to surround terminal axon segments including the synapse (Fig. 3j, k) .
We used high-resolution confocal microscopy to show that perineuronal nets engulfed excitatory and inhibitory perisomatic synapses immunoreactive for vesicular glutamate transporter 1 (VGLUT1) and glutamic acid decarboxylase 65/67 isoforms (GAD65/67), respectively ( Fig. 3l-m 1 ) . Notably, dendrite-targeting ''distal'' synapses were also embedded in aggrecan/CRTL-1 ? peridendritic sheaths (Fig. 3n, n 1 ) . Next, we asked if synapses can develop axonal coats in the absence of perisomatic or peridendritic matrices. We found single presynaptic sites surrounded by CRTL-1
? axonal coats in the hilar region of the dentate gyrus (Fig. 3o) .
Brevican (50 kDa fragment) accumulates in axonal coats
Brevican is a brain-specific proteoglycan primarily produced by glia [34, 72] . Brevican's roles in synapse development and signalling were shown during the formation of cerebellar glomeruli [72] and by disrupted hippocampal long-term potentiation in brevican-deficient mice [7] . Brevican is proteolytically cleaved into N-terminal (50 kDa) and intermediate/C-terminal (90 kDa) fragments [45] . Here, we used an antibody raised against Brevican's 50 kDa fragment (gift of Dr. R. Matthews) to show that the brevican ? extracellular matrix pattern of the human hippocampal formation is remarkably different from other matrix maps hitherto identified (Fig. 4a-a 3 ) .
Perineuronal nets (Fig. 4b-c) were sporadically found in the strata oriens and radiatum of the CA1-CA4 subfields. Instead, brevican predominantly identified axonal coats, arranged as pearl lace-like strings, at the hilar surface of the dentate granule layer (Fig. 4d-d 3 ) . The orientation of axonal ribbons resembled the aggrecan ? peridendritic sheaths at the hilar margin of the granule layer (Fig. S1g) . Although at markedly lower densities, axonal coats were also seen in the CA1-CA3 subfields (except the stratum lacunosum-moleculare) and subiculum. In the entorhinal cortex, brevican
? axonal coats re-appeared at a high density (p \ 0.05 vs. CA subfields; Fig. 4d 3 ) .
We used ultrastructural analysis to confirm that brevican ? axonal coats surrounded synapses. We show that brevican ? matrix assemblies were restricted to individual synapses without forming extensive intercellular scaffolds along the postsynaptic dendrites or somata (Fig. 4e-g ). Electron microscopy demonstrated the presence of brevican immunoreactivity in myelinated axons (Fig. 4h, i) . This finding, and the lack of brevican immunoreactivity in endo-or lysosomes (data not shown), suggest that presynaptic neurons actively shape axonal coats.
Perineuronal nets surround parvalbumin
? , calretinin
?
and calbindin ? hippocampal neurons Confirming earlier observations in other mammalian species or areas of the human nervous system [17, 29] , the majority of parvalbumin ? cells were surrounded by aggrecan-containing perineuronal nets (Fig. 5a 1 -c 1 ) . The association of CRTL-1
? perineuronal nets and parvalbumin ? cells was analogously high; with CRTL-1 ? extracellular matrix frequently surrounding neurons in stratum oriens (Fig. 5d) but not stratum radiatum (Fig. 5e) . Calretinin ? and calbindin D28k ? neurons of lower mammals lack perineuronal nets [17, 22] . In contrast, a subpopulation of calretinin ? neurons was surrounded by aggrecan ? (Fig. 5f, f 1 ) or CRTL-1 ? (Fig. 5g) perineuronal nets in the human hippocampus. Similarly, calbindin D28k
? neurons were-though less frequently-surrounded by aggrecan ? perineuronal nets (Fig. 5a) . Overall, while the presence of perineuronal nets is a general hallmark of inhibitory neurotransmission (Fig. 5h) , our data suggest that the human hippocampus contains a unique variety of perineuronal net-bearing interneurons. Fig. 3 Perineuronal nets and axonal coats contain cartilage link protein 1 (CRTL-1). a-a 2 CRTL-1 distribution in the human hippocampus. Note that besides its more conventional perineuronal net localization in non-pyramidal layers (a 1 ), CRTL-1
? axonal coats (a 2 ) were seen in the dentate gyrus (DG) and entorhinal cortex (EC). Grey shading labels the CA1-CA3 pyramidal layer. a 3 Semiquantitative analysis of CRTL-1 distribution and density (-not present, ?/??/??? low/moderate/high frequency) in the DG, cornu ammonis (CA) subfields, subiculum and entorhinal cortex (EC). b, c Perineuronal nets in CA1 stratum radiatum (rad) and CA3 stratum pyramidale (pyr) frequently outlined axon initial segment (arrowheads). b 1 Peridendritic sheath. d Matrix assembly restricted to the perisomatic region of a neuron in CA3 stratum pyramidale (pyr). e Perisomatic and proximal dendritic labelling in CA2 stratum oriens (ori). f Perineuronal nets at considerable density in the EC's external and internal principal strata (EPS/IPS). Perisynaptic matrix assemblies are spared in the hippocampus in Alzheimer's disease Impaired hippocampal synaptic neurotransmission is recognized as a key event underpinning AD-related cognitive impairment. Perineuronal nets and axonal coats have been implicated in maintaining microenvironmental conditions supporting synaptic neurotransmission [8, 54] . Yet modifications to the composition or regional distribution of axonal coats in the human hippocampus during progression of AD, in particular their relationship to cytoskeletal abnormalities, remain elusive. Therefore, we asked whether expression levels of extracellular matrix CSPG components change in the AD hippocampus. By Western blotting of protein lysates (Fig. 6a ) from clinicopathologically verified subjects [57] and age-matched controls (Table S1 ) we found transiently, albeit nonsignificantly, reduced brevican, CRTL-1, and aggrecan (AB1031) levels when comparing control versus ''moderate'' AD subjects (Fig. 6b-b 3 ) . In contrast, ''definite/severe'' AD cases showed significantly increased (p \ 0.05) brevican and CRTL-1 levels relative to age-matched controls (Fig. 6b-b 3 ) . perineuronal matrix (arrowheads). Quantitative data were expressed as mean ± SEM. Scale bars 10 lm (a 1 -h), 2 lm (a) Next, we have addressed AD-related structural arrangements by localizing CRTL-1 ? axonal coats in the proximity of Ab plaques and along granule cell dendrites with (and without) neurofibrillary pathology (hyperphosphorylated tau), the primary pathological hallmarks of AD. We found that axonal coats morphologically and neurochemically indistinguishable from those in age-matched control brains (Fig. 6c) were retained in the proximity of Ab plaques in ''definite'' AD ( Fig. 6d-d 2 ) . Notably, axonal coats were found distributed along dendrite segments containing hyperphosphorylated tau (Fig. 6e-e 2 ) at densities identical to those seen along dendrites without tau pathology (Fig. 6f-g ) and identified by microtubule-associated protein 2 immunoreactivity (Fig. 6f 2 ) . We have extended these findings by showing that perineuronal nets exhibited mutually exclusive distribution with hyperphosphorylated tau in the DG hilus (Fig. 6h, S5a-a 2 ) .
Axonal coats around VGAT
? and VGLUT1 ? synapses in transgenic mice with AD-like pathology Axonal coats around Ab plaques and apposing hyperphosphorylated tau-containing dendrites may suggest the stability of select synapse populations. The alternative hypothesis may be that axonal coat stability is uncoupled from synapse integrity and CRTL-1
? axonal coats are in fact remnants of extracellular scaffolds at degenerating synaptic sites. We have addressed this hypothesis in APdE9 mice at successive ages characterized by robust hippocampal Ab plaque burden [33] by biochemical CPSG matrix profiling and high-resolution microscopy. Seven and 10-month-old APdE9 mice exhibited moderate yet opposite shifts in hippocampal brevican (Fig. 7a, b, S6a,b) and CRTL-1 (Fig. 7a, b 1 , S6a,b 1 ) levels. In contrast, the concentration of aggrecan's 450 kDa isoform progressively ? axonal coats apposing tau-containing dendrites. f-g Quantitative analysis of axonal coat density along identified dendrite segments. AT8 (AD) and MAP2 (control) were used to dissociate dendrites with/without cytoskeletal pathology. h AT8-immunoreactive (open arrowhead) soma (a) lacking a perineuronal net but targeted by afferents surrounded with axonal coats. Perineuronal net (solid arrowhead) surrounded tau -neurons (b). g Data were expressed as mean ± SEM, p \ 0.05. Scale bars 2 lm (c-d 2 , h), 1.5 lm (e-f 2 ) and significantly increased (p \ 0.05 vs. wild-type littermates at 10 months; Fig. 7a, b 2 , S6a, b 2 ). We found a positive relationship between brevican and VGLUT1 levels in wild-type mice (brevican: R 2 = 0.71, p \ 0.05; Fig. S6c ), which was lost in APdE9 transgenics (Fig.  S6c-c 2 ) . However, the positive relationship of brevican and vesicular GABA transporter was maintained (VGAT; R 2 = 0.69, p \ 0.05; Fig. S6d ), yet at considerably lower levels in APdE9 mice (R 2 = 0.67, p \ 0.05; Fig. S6d-d 2 ) . Although the APdE9 model may be limited to recapitulate the full extent of human pathomechanisms, it is remarkable to note the analogous change in CSPG expression under worsening conditions in mice and human subjects.
Next, we have addressed the distribution and neurochemical identity of axonal coat-bearing synapses. We found axonal coats at high densities in the vicinity of or occasionally in direct contact with Ab plaques (Fig. 7c, c 1 , S6e,f). Next, we hypothesized that axonal coats surround functional synapses. We have addressed this possibility by the combined detection of VGAT/CRTL-1 and VGLUT1/ brevican since VGAT and VGLUT1 are indispensable to shuttle the respective neurotransmitters into presynaptic vesicles [49] . We showed that CRTL-1
? axonal coats surrounded VGAT ? synaptic profiles in the immediate vicinity of Ab deposits (Fig. 7d-d 3 , Fig. S5b-b 00 ). Similarly, brevican
? axonal coats surrounded excitatory VGLUT1
? terminals (Fig. 7e-e 2 , S5c-c 1 00 ). These data suggest that axonal coats engulf synapses that had retained their ability of neurotransmitter release under conditions of Ab pathology.
Discussion
Extracellular matrix patterning in the human hippocampus
Learning and memory processing in the hippocampus require a unique capacity of activity-driven synapse dynamics and reorganization throughout life. Yet retained neuroplasticity renders hippocampal neurons exceedingly vulnerable to ageing or stress [47] . Perineuronal nets might contribute to both synapse formation and signalling: focal accumulation of the extracellular matrix can stabilize new synaptic contacts [4, 64] . Once mature, perineuronal nets can attenuate stochastic ionic imbalances to protect neurons from excitotoxicity, oxidative stress or Ab accumulation during ageing and in AD [10, 54, 55] . Therefore, the relatively low density of perineuronal nets in the human hippocampus, particularly in comparison to primary neocortical areas [10] , may not only allow the high turnover of excitatory and/or inhibitory synapses associated with information flow but also reveal a ''site of vulnerability'' in the human hippocampus.
We performed the comparative analysis of CSPG matrix components in the human hippocampus at the cellular and subcellular levels (Fig. S4 ). Phylogenetic differences include: (1) the lack of perineuronal nets around hippocampal principal cells [66] . Although at low numbers, netbearing pyramidal cells are regularly observed in lower mammals [10] . (2) The presence of perineuronal nets around calretinin ? and calbindin ? interneurons, in addition to parvalbumin ? basket cells [17, 22] , suggests novel The unexpectedly high density of axonal coats, a recently described form of the extracellular matrix around individual synapses [11] , in the hilar region of the dentate gyrus and the entorhinal cortex, the most vulnerable and plastic loci of the hippocampal formation [40] , with the latter showing the first signs of neurofibrillary tangle formation in AD [19] . (4) The invariable presence of axonal coats in the proximity of senile plaques and apposing hyperphosphorylated tau-containing dendrites. Increased brevican and CRTL-1 levels in AD might either reflect ectopic axonal sprouting around senile plaques or suggest a shift in extracellular matrix synthesis or utilization. The regional and subcellular distribution and presynaptic axonal transport of CRTL-1 and brevican suggest that these proteins might be enriched, irrespective of their neuronal or glial origins, in the same synapse population (Fig. 6d) . (5) Axonal coats surround synapses whose vesicular neurotransmitter transporter content suggests synaptic neurotransmission even in the presence of experimentally high Ab in APdE9 mice.
Parvalbumin
? interneurons: a conserved family with a novel human hippocampal subtype Parvalbumin expression characterizes basket and chandelier cells [26, 37] . Irrespective of their presence in all regions of the mammalian hippocampus [5] , perineuronal nets invariably and selectively surround parvalbumin ? interneurons [16, 29] . In the human hippocampus, we find that CRTL-1-containing perineuronal nets only enwrapped parvalbumin ? interneurons in the stratum oriens but not radiatum. The selective absence of CRTL-1
? perineuronal nets around parvalbumin ? somata in stratum radiatum may suggest the existence of a novel subtype of parvalbumin ? interneurons in the human brain. However, (1) parvalbumin ? interneurons are of relatively low abundance in stratum radiatum [26] , (2) not all parvalbumin ? cells are surrounded by perineuronal nets (Fig. 7b, b 1 interneurons Calretinin ? interneurons are devoid of perineuronal nets in the mammalian species studied so far [17, 22] . In contrast, and although at significantly lower densities than their parvalbumin ? counterparts, calretinin ? interneurons were enveloped by CSPG-containing perineuronal nets in the human hippocampus. Due to their smooth dendrites and positioning outside the mossy fibres region, we propose that perineuronal net-bearing calretinin ? cells are interneurons ''specialized to innervate other interneurons'' [26] . Perineuronal net-bearing calretinin ? neurons may be specific for the human hippocampus since similar cellular arrangements have not been reported earlier.
Perisynaptic coats preferentially localize to the hilus in the human hippocampus Perineuronal nets have apertures at points of synaptic contacts [17] . This assembly gives mechanical and chemical support to stabilize the synapse [27, 64] . In the human hippocampus, we find that both excitatory and inhibitory synapses may be engulfed by perisomatic extracellular matrix produced by the postsynaptic cell. Nevertheless, synapses embedded in perineuronal nets are only a fraction of all synaptic contacts. Instead, individual matrix ''rings'', termed axonal coats, can encapsulate synapses. Axonal coats are also present in the basal ganglia [11] and thalamus [44] of humans, particularly around inhibitory nerve terminals. Here, we find that CRTL-1 ? or brevican ? axonal coats enwrap non-perisomatic synapses in the hippocampus. CRTL-1
? axonal coats around excitatory preterminals were typically identified in the hilar region of dentate gyrus and neighbouring CA3 stratum radiatum. The focal concentration of matrix-laden boutons suggests that these may belong to mossy fibre collaterals. Postsynaptic neurons are generally viewed as the source of the perisynaptic matrix, particularly when perisomatic (inhibitory) synapses are embedded in the matrix assembly of perineuronal nets [17] . Our findings at the ultrastructural level, however, suggest that axonal coat constituents can undergo anterograde axonal transport, suggesting their presynaptic origin.
Expression of CSPG proteins in Alzheimer's disease
It is increasingly appreciated that AD-related cognitive decline is due to the impairment of synaptic integrity [18] . Perineuronal nets and axonal coats can shape the ''micromilieu'' of individual neurons. Therefore, any change in the molecular heterogeneity of the extracellular matrix may trigger neuronal dysfunction. Initial insights in AD-related changes to chondroitin sulphates suggested their dramatic increase [67] . In contrast, lectin levels (e.g. WFA) reportedly decrease in AD [3, 38] . However, lectin reactivity progressively decreases as a factor of post-mortem delay [54] , asking a re-visit of earlier data. More recently, the composition and assembly of the CSPG-based extracellular matrix in iso-or subcortical areas were shown to remain unaltered in both transgenic models of AD [56] and human autopsy material [35, 53, 54] . Since the archicortex (e.g., entorhinal cortex and hippocampus) is particularly sensitive to ageing and neurodegeneration [47] , we hypothesized that aggrecan and/or brevican expression may be affected in AD.
It is broadly accepted, and confirmed here, that perineuronal net-bearing neurons are spared from AD-related cytoskeletal pathology [10] . This notion is underscored by the vulnerability of subcortical neurons (e.g., nucleus basalis of Meynert, raphe nuclei or locus ceruleus), which only infrequently express perineuronal nets [53] . This report identifies a separate subcellular niche in which CSPGs accumulate. We recognize the presynaptic neuron as a likely source contributing CSPGs to axonal coats, thus preserving the structural integrity of the presynapse, and probably uncoupling it from postsynaptic (dendritic) cytoskeletal pathologies.
We found that axonal coats are structurally stable subcellular specializations during AD progression in the hippocampus. The existence of perisynaptic matrix assemblies around senile plaques or apposing hyperphosphorylated tau-containing dendrite segments does not merely reflect retained yet non-functional scaffolds. Instead, axonal coats enwrap synapses endowed with vesicular neurotransmitter transporters, which was further underpinned by the persisting positive correlation between brevican and vesicular GABA transporter concentrations. Increases in both brevican and CRTL-1 levels corroborate our morphological findings, reflecting increased turnover and utilization of extracellular matrix components to preserve synapse integrity, a neuronal response to injury. Alternative processes may include ectopic axonal sprouting-irrespective of the terminals' ability to reach functionality-around senile plaques ( Fig. 7 and S6 ) or preferred survival of axonal coat-bearing synapses, which may result in synaptic imbalance, compromising the functional efficacy of the global hippocampal network in AD. Thus, axonal coats represent a novel, spatially organized and neurochemically defined molecular feature of the hippocampal circuitry whose manipulation might not only protect the structural integrity of synapses but also facilitate information ''flow'' underpinning cognition [21] .
